In the present paper we discuss the development of wave-front, an instrument for determining the lower and higher optical aberrations of the human eye. We also discuss the advantages that such instrumentation and techniques might bring to the ophthalmology professional of the 21st century. By shining a small light spot on the retina of subjects and observing the light that is reflected back from within the eye, we are able to quantitatively determine the amount of lower order aberrations (astigmatism, myopia, hyperopia) and higher order aberrations (coma, spherical aberration, etc.). We have measured artificial eyes with calibrated ametropia ranging from +5 to -5 D, with and without 2 D astigmatism with axis at 45º and 90º. We used a device known as the Hartmann-Shack (HS) sensor, originally developed for measuring the optical aberrations of optical instruments and general refracting surfaces in astronomical telescopes. The HS sensor sends information to a computer software for decomposition of wave-front aberrations into a set of Zernike polynomials. These polynomials have special mathematical properties and are more suitable in this case than the traditional Seidel polynomials. We have demonstrated that this technique is more precise than conventional autorefraction, with a root mean square error (RMSE) of less than 0.1 µm for a 4-mm diameter pupil. In terms of dioptric power this represents an RMSE error of less than 0.04 D and 5º for the axis. This precision is sufficient for customized corneal ablations, among other applications.
Introduction
The ophthalmology professional of the 21st century is living a silent revolution, one which started at the University of Heidelberg (1994) with the Ph.D. thesis of Liang (1) . Many scientists throughout the history of physiological optics have attempted to precisely measure the optical aberrations of the human eye (2) . Scheiner in 1619 (3), published the work Oculus, sive fundamentum opticum where he announced the invention of a disc with a centered and a peripheral pinhole that was placed before the eyes of a subject to view a distant light source ( Figure  1 ). If the subject saw a single spot he was an emmetrope, if he saw two inverted spots, he was a myope and if he saw two upright spots, a hyperope. This device was the first qualitative refractor and became known as Scheiners disc. After Scheiner, many scientists attempted to construct more precise refractors. Tscherning (4) in 1894 used a fourdimensional spherical lens with a grid pattern on its surface to project a regular pattern on the retina (Figure 2 ). He would then ask the patient to sketch drawings of the pattern. Depending on the patterns distortion, Tscherning was able to obtain a semiquantitative measurement of the patients aberrations. It was only at the beginning of the 1960s that Howland (5) devised a quantitative version of the Tscherning aberroscope by attaching an imaging system and implementing rigorous mathematical analysis of the collected data. Of course, low resolution quantitative systems (autorefractors) have been developed in parallel throughout the last quarter of the last century. We will not discuss the principle of these instruments here, which has been recently reported elsewhere (6-9), but we will compare the precision of our results with those of autorefractors in general.
The instruments devised by Scheiner, Tscherning and later by Howland, all had a specific disadvantage. They were developed in a non-computerized age. Although there were computers back in the 1960s, the microcomputer revolution started only in the mid-1980s. The same occurred with the devices for measuring corneal curvature (videokeratoscopes). Although Plácido (10) developed the technique still used nowadays more than a century ago other devices with magnifying optics and photographic cameras were only possible later in the 20th century. These improvements culminated in the development of well-known keratometers and the photokeratoscope. But these were still limited techniques. The keratometer is still used today, but it only measures the steepest and the flattest meridians at the central 3 mm of the cornea; the photokeratoscope photographs had to be developed and analyzed manually, a process that could take hours, if not days. And even after a careful analysis, few techniques were available for displaying these results in a comprehensive and compact fashion. There were no fast methods for Scientific Visualization (11) (a term referring to a relatively new field in computer graphics, initiated in the mid-1980s, with the objective of developing more didactic techniques for visual presentation and analysis of scientific data). Since the mid-1980s, with the microcomputer revolution, computer power became accessible enough so as to be incorporated into traditional photokeratoscopes. Thus, the photokeratoscope became the modern computerized videokeratoscope, which is an example of the improvement allowed by the integration of computers and medical devices. The photographic cameras were replaced by modern semiconductor charge coupling devices (CCD) and the tiresome analysis of the Plácido images was replaced by fast and semiautomated image processing algorithms (12, 13) and sophisticated mathematical models of the human cornea (14, 15) . Nowadays the whole process of corneal analysis takes only a few seconds and at the end the eye-care professional may have a multitude of visualization options at a click of the mouse, with the aid of special tools, such as indexes for keratoconus screening (16, 17) , contact lens fitting modules (18) and special displays of corneal parameters (19) . These displays may go from simple corneal slices, difference maps for pre-and postsurgical analysis, up to rotating three-dimensional corneal maps. It is our very strong belief that the refraction techniques available nowadays have many limitations, analogous to the photokeratoscopes back in the 1950s. Although the conventional autorefractors available today have sophisticated accommodation devices and electronics, like linear CCD for signal processing and microprocessors for dedicated tasks, they still measure refractive errors in only three meridians. The output is usually on a sheet of paper with two lines or a few more, indicating the ametropia in the conventional spherocylindrical form: sphere + cylinder at axis. Until today, the autorefraction and the conventional trial lens procedure have been sufficiently precise to prescribe spectacles and contact lenses, and patients have been reasonably satisfied. With the advent of refractive surgery and the possibility of contact lenses with customized anterior shapes, the conventional refraction instrumentation is no longer precise enough. And this precision has no relation to how precisely these instruments can measure the best spherocylinder surface that approximates the eyes ametropia; it is the lack of resolution that makes these instruments obsolete for modern applications. For customized corneal ablation there is an intrinsic need to know the refractive errors at several points over the entrance pupil. This happens because the modern laser beams (20) have enough resolution to independently ablate specific regions of the cornea.
In fact, although there have been low priced computers since the mid-1980s, no quantitative technique for measuring eye aberrations with high resolution was applied until 1994. Liang et al. (1) applied to the human eye an idea originally applied to general optical instruments such as astronomical telescopes since the 1950s (21) . Because of atmospheric turbulence and subtle changes in air temperature, astronomical images are usually composed of several optical aberrations, which cause considerable image degradation, preventing astronomers from performing a thorough analysis of these images. In order to diminish or eliminate these effects, a field of optics, called Adaptive Optics (22) , studies methods for measuring and compensating for these aberrations. The sensor used to measure these aberrations was first developed by Hartmann in 1900 (23) and later improved by Shack in 1971 (24) . This sensor became known as the HartmannShack sensor, abbreviated HS sensor.
We present here the development and preliminary results obtained with an HS sensor constructed at the Instituto de Física de São Carlos, USP (25) , that was used to measure artificial eyes with different aberrations. Our claim is that the HS sensor may be applied to the human eye with more precision than traditional refraction techniques.
Material and Methods

Optical configuration
The diagram in Figure 3 shows a simplified scheme of the instrument.
A fiber optic infrared light source generates a non-coherent bundle of rays which are collimated by a system of lenses and a diaphragm. This small diameter (0.5 mm) bundle of rays enters the eye through the optical center of the entrance pupil. This bundle of rays focuses a small spot over the retina because of very little refraction and negligible aberration. The diffuse reflection at the eye fundus generates a cone of light rays that leaves the retina in the direction of the lens and pupil. The light rays that leave the eye hit a beam splitter and a set of relay lenses. After that, they go through a set of micro-lenses which compose the HS sensor ( Figure 4 ). The HS sensor is simply an array of uniformly distributed very small lenses analogous to those of an insect eye (such as the Drosophila fly). There are many possible [6] and [16] . A filament light source [5] is used to illuminate a light diffuser, which is attached to a reticule containing a balloon picture [4] (this is simply a psychological advantage that calls the patient's attention during accommodation). This accommodation system shall be tested during the second phase of this project, in which measurements will be made on human eyes. The image formed by lens [3] and beam splitter [2] is located at a far point from the patient in order to induce the accommodation of the crystalline. Approximately 1% of the incident light scattered at the back of the eye (retina) is reflected back to the beam splitter [7] , goes through spherical lenses [8] and [9] , a stop [10] located at the focal point of lenses [9] and [11] for elimination of undesired reflections at the cornea [17] and finally hits the Hartmann-Shack (HS) sensor [12] . A charge coupling device (CCD) [13] is placed on the focal plane of the HS micro-lenses, and attached to a "framegrabber" [14] installed in an IBM compatible computer, where the HS images are processed [15] and the optical aberration is calculated.
sizes and configurations for HS sensors (26) . Our home-made HS sensor is composed of a grid of 15 x 15 micro-lenses. At the focal plane of the micro-lens array there is a high sensitivity monochromatic CCD. We explain the HS principle in the diagram in Figure 5 . For a plane wave-front the focusing position on the CCD plane is exactly at the intersection of the axis of the micro-lens with the CCD plane; on the other hand, for an aberrated wave-front, light focuses on a slightly shifted spot. For a set of microlenses the same principle applies and we will have uniformly spaced spots for a plane wave and non-uniformly distributed points for aberrated waves. The amount of displacement of the spots permits us to determine the exact amount of wave-front aberration. We will present the mathematical procedures in the Calculating optical aberrations from Zernike polynomials subsection. In Figure 6 we present an example of an HS image obtained for an artificial eye calibrated with zero dioptric power (no aberrations).
Image processing
In order to calculate the wave-front aberration, we must extract the information on the Cartesian positions of each spot from the digitized images using image processing techniques (12, 13) . The image processing of the HS patterns is the first step towards the quantification of aberration. We start by digitizing the HS image in Windows bitmap 8 bit format with an IBM compatible computer with a Pentium III 800 MHz Intel processor. This is accomplished with an attached framegrabber (model Meteor, Matrox Electronic Systems, St. Regis Dorval, Quebec, Canada). The goal is to find the center of mass of each spot. We start by analyzing the distribution of gray levels for horizontal and vertical lines along the image. From this distribution we determine a set of grids in such a way that each cell contains a spot. From the gray level Figure 5 . Principle of the Hartmann-Shack (HS) sensor. Upper diagram, A plane wave-front hits a single micro-lens and focuses at a point P located over the optical axis and at a distance f from the lens; for the same micro-lens an aberrated wave-front focuses at point A, also on the focal plane but shifted away from the optical axis. Lower diagram, For a set of micro-lenses, an aberrated wave-front will focus on unevenly spaced points (shifted away from the optical axis of each micro-lens) over the focal plane. It is the quantification of the individual shifts that allows one to determine the local slopes of the wave-front and then, from this information, retrieve the entire wave-front surface. The x,y arrows to the right of the upper diagram show the coordinate system directions (y is pointing upwards and x is coming outside from the page) used according to Equations 7 and 8. where m and n are the horizontal and vertical pixels inside the considered cell, x and y are the horizontal and vertical positions of the pixel in mn, and g is the intensity of gray level in an 8-bit gray scale image (0 means totally black and 255 means totally white).
Column A in Figure 7 shows the results of image processing for all calibrated aberrations, with centroids marked with a cross. As stated before, from the difference in centroid position for a plane wave and an aberrated wave, it is possible to calculate the wavefront aberration (commonly called the wavefront function and represented by W) using special polynomials called Zernike polynomials (27) and mean square interpolation. We will now describe the mathematical procedures used for this purpose.
Calculating optical aberrations from Zernike polynomials
Although Seidel polynomials are extensively used in the description of optical aberrations they have certain limitations that are not present in Zernike polynomials (see a list of the first 15 Zernike polynomials in Table  1 ). The five conventional Seidel aberrations are classified as spherical aberration, coma, astigmatism, curvature of field (or focus shift), and distortion (or tilt). If we look carefully at Table 1 , we may see that terms 13, 8 and 9, 4 and 6, 5, 2 and 3, correspond, respectively, to the Seidel aberrations. So this is the first advantage: the Seidel aberrations are contained in the Zernike polynomials; another advantage is that the Zernike polynomials form a complete and normalized set of functions over the unit circle (x 2 + y 2 £1) and also have certain properties of invariance which are desirable in terms of symmetry and mathematical elegance, i.e., simplicity. Since a thorough and detailed discussion of Zernike polynomials and its properties is not within the scope of this article, we address the reader to what is, to our knowledge, one of the most complete discussions on the subject: appendix VII of Ref. 27 , pages 905-910. We next describe some basic aspects of these polynomials. Zernike polynomials are a set of maps in the z-axis with domain at the unit disc x 2 + y 2 £1 of the x,y-plane, which have the desirable property that their combinations can be found to fit well the surface shapes of reasonably well-behaved (28) wave-front aberrations. In polar coordinates, Zernike polynomials are the product of a radial polynomial and an azimuthal map:
where l may be any integer number and n may be any positive integer and zero. When l is greater than or equal to zero, the sine function is used and when it is smaller than zero the cosine function is used. The radial components of the Zernike polynomials are given by: The Zernike polynomials are thus a set of orthogonal maps defined in the unit circle. Their orthogonallity condition is expressed by: (Equation 6) for integer values of p. The main motivation for using Zernike polynomials is that they describe the shapes of four conventional Seidel aberrations with high precision. Because there is no limit to the number of terms that may be used, many higher order aberrations can be described by Zernike polynomials, among them coma, 3rd order spherical aberration, etc. The choice of exactly how many terms to use has been discussed at a specific meeting (29) of Vision Scientists, and the convention adopted was to use the first 15 Zernike terms, which are shown in Table 1 . Actually, this choice is based on the fact that it is enough to use the first 15 linearly independent Zernike polynomials in order to obtain a highly accurate description of the most common aberrations found in human eyes (29) . These polynomials, in mathematical terms, comprise a set of linearly independent polynomials in two indeterminates with a degree of 4 or less, which are orthonormal with respect to the inner product given in Equation 5 .
We mention in the section Optical configuration the possibility of calculating the wave-front aberration from the wave-front slopes. Based on Figure 5 , we may write the slopes in the x and y directions as:
where (x a , y a ) is the coordinate of a spot from an aberrated wave-front, (x c , y c ) is the coordinate of the reference spot, i.e., a nonaberrated, plane wave-front, and f is the focal length of the micro-lenses. If we use a single index k as a function of n and l (the indexes of Equations 3-5), namely,
then we may write the wave-front as:
and its partial derivatives as
Note that k is the number of the Zernike term according to Table 1 . In order to find the Zernike coefficients for a specific wavefront, we perform a minimum square fit for all i, j centroids which form the HS image. This procedure consists of minimizing the sum (see Equation 13 ) relative to each Zernike coefficient, and therefore we have to find dS/ dC t = 0 for t = 1, ...., k (see Equation 14 ) from where we extract a square linear system AC = b with k equations and k unknown values of C. By solving this linear system through conventional procedures (LU decomposition and Gaussian elimination method) (30) we find 15 values of C for each measured eye. For a flat wave-front the partial derivatives dW/dx and dW/dy are zero, and we therefore obtain a C = 0 solution, which by the general equation (10) yields W(x ij , y ij ) = 0, a plane wave on the x,y-plane. Now for wave-fronts that are not flat we obtain values of partial derivatives different from zero, and therefore the linear system will not have a trivial solution. The coefficients that contribute most to a specific aberration will have greater values. For example, if the measured eye has a large amount of coma the eighth and ninth coefficients will have higher values than others. In contrast, if there is a greater amount of astigmatism at 45º, the fourth term will predominate. In the next section we show results for several calibrated aberrations on an artificial eye.
Results
Measurements were made on a mechanical (artificial) eye which was calibrated with five different types of ametropia: zero dioptric (D) power, i.e., emmetropic (0 D), hyperopic (+5 D), myopic (-5 D), and 2 D astigmatism with axis at 45º and 90º. Image processing was accomplished separately for each aberration (see Figure 7 , column 1) and results were plotted in several different outputs.
In Figure 7 , from the left to the right column, we may see results for the image processing, two-dimensional color-coded maps for the wave-front, surface maps and, finally, the Zernike coefficients for each of the 15 terms in Table 1 . A qualitative analysis of the first row (0 D) shows regularly spaced dots, a color map with one color, a plane of height zero, and coefficients all with a zero value. This is obviously in accordance with the expected values for a zero dioptric eye, i.e., with no aberrations, therefore resulting in a plane wave leaving the eye.
The same qualitative analysis for the other eyes shows the validity of the results. For example, in the cases of +5 D and -5 D, we know that the wave-front should look like a dome-shaped surface, facing downwards for the myopic and upwards for the hyperopic eye. This is in agreement with the expected shapes of wave-fronts leaving eyes with different low order aberrations ( Figure 8 ).
It is possible to relate the wave-front measurements to those of autorefractors. Figure 8 . Differently shaped wave-fronts leaving three types of eye: myopic, hyperopic, and emmetropic. This is simply an alternate view of these common eye aberrations, which are usually explained by drawing paraxial rays from outside to inside the eye. Here we do the contrary: a point light source directed at the retina generates a spherical wave-front which leaves the eye. Because the emmetropic eye is a "perfect" optical system its refractive power is such that a spherical wave-front leaves the eye paraxially, i.e., in the form of a plane wave. The myopic eye has a "stronger" than necessary optical power so light rays leave the eye in converging rays. The opposite happens with the hyperopic eye, which refracts light less than necessary. 
where d is the diameter of the entrance pupil.
The root mean square errors for the measurements shown in Figure 7 were as follows: 0.04 D for sphere and cylinder and 4º for axis. It is known that autorefractors have typically errors of 0.12 D for sphere and cylinder and 5º for axis. We may see from these preliminary measurements that the wave-front device allows for more precise examination. We believe this precision is reproducible for eyes of the general population (preliminary tests are currently being conducted in our laboratory (31) ).
Discussion
We have demonstrated the precision of the HS wave-front sensor in measuring optical aberrations of an artificial calibrated eye. Tests on real eyes should be conducted to verify and validate the technique.
One common difficulty of instruments when attempts at measuring refractive errors are made occurs during accommodation. It is not always possible to repeat the measurements with the crystalline lens at exactly the same dioptric power. This certainly makes the reproducibility of these instruments much lower than expected. Our intention here was not to compare the precision of the whole refractive instrumentation and therefore we did not consider accommodation (our artificial eyes do not have a lens). Our intention was to provide insight about how promising the wave-front technique may be when compared to conventional autorefractors in terms of resolution and precision. An accommodating system, when well functioning, may be applied to either type of instrument, permitting absolute precision comparisons for daily measurements in the human population. We are currently building a genuine accommodation device using a micro-controlled moveable optical system, which is electronically controlled by a software through the parallel port interface of an IBMcompatible PC. The principle of this accommodation system is based on the optical diagram shown in Figure 3 (32) . An important factor is the amount of micro-lenses in the HS sensor. If we double the number of micro-lenses in the row and column, the resolution is multiplied by a factor of 4. On the other hand, for highly distorted corneas this might be a disadvantage. In a previous study (33) , by implementing computer simulations of HS patterns for several corneal topographies, we have shown that for eyes with severe curvature changes on the corneal surface (such as keratoconus) the HS spots may overlap, reducing the capacity of the software for image processing and data analysis. In these specific cases, conventional trial lens tests with autoprojectors or Snellen tables may still be necessary.
We strongly believe that the wave-front technology represents the next generation of refractors which will gradually replace conventional refractors, much in the same way that computerized corneal topography replaced the traditional keratometer and the photokeratoscope. Moreover, the wave-front will permit precise corneal ablations, resulting in algorithms that may execute what is being called customized corneal ablations (34) .
